Abstract We point out that the expansion of the universe leads to a cosmological time evolution of the vacuum expectation of the Higgs boson. Within the standard model of particle physics, the cosmological time evolution of the vacuum expectation of the Higgs leads to a cosmological time evolution of the masses of the fermions and of the electroweak gauge bosons, while the scale of Quantum Chromodynamics (QCD) remains constant. Precise measurements of the cosmological time evolution of μ = m e /m p , where m e and m p are, respectively, the electron and proton mass (which is essentially determined by the QCD scale), therefore provide a test of the standard models of particle physics and of cosmology. This ratio can be measured using modern atomic clocks.
The idea that physical constants could experience a cosmological time evolution has received much attention; see for example [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 16, 17] . The most recent of these investigations were motivated by cosmological observations that some of the fundamental constants of nature may not be that constant after all; see e.g. [18] . In this work, we point out that the expansion of the universe leads to a cosmological time evolution of the vacuum expectation of the Higgs boson. Within the standard model of particle physics, the cosmological time evolution of the vacuum expectation of the Higgs boson leads to a cosmological time evolution of the masses of the fermions and of the electroweak gauge bosons while the scale of Quantum Chromodynamics (QCD) and thus the proton mass remain constant. Strictly speaking, quark masses also contribute to the proton mass and would lead to a small time dependence of the proton mass, but this is a tiny and thus negligible effect as the main contribution from the QCD scale to the proton mass remains constant. We show that precise measurements of the cosmological time evolution of μ = m e /m p , where m e and m p are, respectively, the eleca e-mail: x.calmet@sussex.ac.uk tron and proton mass, therefore provide a test of the standard models of particle physics and of cosmology.
The discovery of the Higgs boson at the Large Hadron Collider in 2012 with a mass of 125 GeV was an amazing confirmation of the standard model of particle physics. The standard model of cosmology CDM which posits the existence of cold dark matter and of a cosmological constant is equivalently successful. The cosmological model assumes that the expansion of the universe is described by the FriedmannLemaître-Robertson-Walker (FLRW) metric,
which corresponds to an homogeneous and isotropic universe. Here k is the curvature signature and R is the expansion factor, whose time change is given by the Friedmann equation,
where the cosmological constant is included in the total energy density ρ tot . The total energy density contains not only the dark energy but also dark matter and the visible matter. The value of the cosmological constant is such that our universe is currently undergoing a phase of accelerated expansion, as the cosmological constant starts to dominate over all other forms of energy. In the standard model of particle physics, the Higgs boson is part of a SU(2) L doublet H, which in the unitarity gauge takes the form
where v = 246 GeV is the vacuum expectation value of the Higgs field φ( x, t). In flat space-time v is a constant, Lorentz invariant, quantity. We now show that the expansion of the universe leads to a cosmological time evolution of the vacuum expectation of the Higgs boson. We will show that within the standard model of particle physics, this cosmological time evolution of the vacuum expectation of the Higgs boson leads to a cosmological time evolution of the masses of the fermions and of the electroweak gauge bosons.
The scalar sector of the standard model in the unitarity gauge is described by the following action:
with
where λ is the self-interaction coupling of the Higgs boson. The Higgs boson's mass is given by m = √ λv. In an expanding universe, we can write the Higgs doublet as H = 1/ √ 2(0, φ( x, t) +φ(t) + v) , wherē φ(t) is the cosmological background value of the Higgs field. In the FLRW metric, and considering spatially homogeneous configurations, the equation of motion for the time dependent background Higgs field is given bÿ
where the dot represents a time derivative and the prime a derivative with respect to the fieldφ. We will now look at small background Higgs field values around the minimum of the potential and thus neglect the quadratic term in the Higgs boson potential. For V = 1/2m 2φ2 , and in the limit H m andḢ /H m, one makes the Ansatz
where θ is a phase. This leads to the following differential equation:
for A(t) assuming thatÄ(t) is small. It is straightforward to solve this differential equation in the limit where H is constant (note that this is a good approximation in our current universe as the energy content is dominated by a cosmological constant), one finds
where c is an integration constant. We thus havē
This equation describes the cosmological time evolution of the Higgs field in an expanding universe with a nearly constant Hubble parameter. Note that the evolution of a scalar field in an expanding universe has been discussed before in different contexts, e.g., that of axions or dark energy [19] [20] [21] [22] (see also [23] ). Unless the parameter c is fine-tuned to vanish, which we will argue is very unlikely given our knowledge of the early universe, the Higgs field will have a cosmological evolution. This cosmological evolution can be shifted in a cosmological time dependent vacuum expectation value:
where v 0 = 246 GeV is the usual constant vacuum expectation value. We finḋ
where we treated H as a constant. In a year, the vacuum expectation value of the Higgs field will change by
where t 1 = 1yr= 3600×24×365/(6.582×10 −25 )GeV −1 = 4.8×10 31 GeV −1 . Today H ∼ 10 −42 GeV, so in one year the vacuum expectation value changes by v = (0.8 cos(θ ) − 1.6 sin(θ ))c. Clearly this is potentially a large effect. Note that because of the large Higgs boson mass, 125 GeV, the oscillation frequency is extremely rapid and a priori difficult to measure. Precise atomic clock measurements of the ratio μ = m e /m p enable us to derive a bound on c and the phase θ . A cosmological evolution of the vacuum expectation value of the Higgs boson will lead to a cosmological time dependence of the masses of all the fermions and electroweak bosons. The mass of the electron m e is given by m e = 1 √ 2 λ e v where λ e is the Yukawa coupling of the electron. The proton mass m p is, however, mainly determined by the scale of the strong interactions, QC D ; see e.g. [15] . Within the standard model this scale will not change with time. Quark masses will undergo a cosmological time evolution as they are fixed by the electroweak vacuum but their contributions to the proton mass are subdominant in comparison to QC D . The proton mass is thus to a very good approximation constant [7] . We can thus use the ratio of the mass of the electron to the mass of the proton to bound c and θ . We find that the change of μ in a year is given by
The most stringent bound on μ/μ comes from the comparison of the transitions in Yb + with the cesium atomic clock: μ/μ = (− 0.5 ± 1.6) × 10 −16 year −1 ; see e.g. [13] for a recent review (note that there are also astrophysical constraints on this parameter [14] ). One obtains the following bound:
From a theoretical point of view, we have little information on the value of c and θ . It is an initial condition problem, c and θ are fixed by the initial value of the Higgs field at the start of our universe. However, as mentioned previously, it is very difficult to imagine that the Higgs field could start and remain at zero GeV during the course of our universe. Indeed during inflation, the Higgs field is essentially massless and it will thus be excited by the rapid expansion of our universe [24] [25] [26] [27] [28] . Given the apparent metastability of the electroweak vacuum, this is actually an issue as the Higgs field could easily fly over the ∼ 10 9 GeV barrier of the false electroweak vacuum and end up in the real vacuum with catastrophic consequences for the universe. This issue has led several authors to study mechanisms [29, 30] that could lead the inflaton to drive the Higgs field to its false electroweak vacuum. In such scenarios, the Higgs field value can decay from a tenth of the Planck mass to the electroweak scale in about 20 e-foldings. Such models require a large total number of e-foldings, at least 100, which would lead to a c ∼ exp(−3/2Ht) = 7 × 10 −49 GeV. Clearly, the value of c is strongly model dependent: it depends on the specific inflation model one chooses, the initial condition for the Higgs field and the mechanism that drives the Higgs field to the false electroweak vacuum. In that sense measurements of c and θ will enable us to probe early universe physics and a measurement with atomic clocks of these parameters could help to differentiate between different models of inflation or re-heating.
While the magnitudes of the parameters c and θ , which determine the cosmological time dependence of the Higgs boson's vacuum expectation value, are strongly model dependent, a cosmological time evolution of the vacuum expectation value of the Higgs boson seems unavoidable given our current understanding of the standard models of particle physics and cosmology.
Measurements of c and θ would, within a specific model of inflation, enable us to determine the initial value of the Higgs field at the start of our universe. It would also be a test of the mass generation mechanism for fermions which would be complementary to the studies performed at the Large Hadron Collider at CERN. Remarkably, atomic clock experiments have the potential to not only probe fundamental high energy physics but also very early universe physics. Note that there could also be seasonal variation signatures as discussed in [31] . Finally, let us stress that we focussed here on late time cosmology, but the effects we discussed could have been much stronger during early time cosmology. In a forthcoming article, we will investigate the consequences of this cosmological time evolution for Big Bang Nucleosynthesis in the radiation era where it could have created large observational effects.
